Inhibitor titrations were applied to characterize functional changes in mitochondrial energy metabolism in the skeletal muscle of patients with mitochondrial diseases. For this we titrated the maximal mitochondrial respiration rate of saponin-skinned muscle fibers isolated from the skeletal muscle biopsy with the specific inhibitors of mitochondrial oxidative phosphorylation complexes I, IV and V-rotenone, azide and oligomycin. For three patients with deletions of mitochondrial DNA and one patient with a complex I deficiency the titrations revealed at rather normal respiration activities of saponin-skinned fibers significant differences to healthy controls: (i) The inhibitor titration curves of the affected enzyme were much steeper and (ii) for almost complete inhibition of respiration a smaller amount of the inhibitor is necessary. The detailed analysis of the titration curves within the framework of metabolic control theory indicated elevated flux control coefficients of the respective complex of respiratory chain. On the other hand, for one patient with a mitochondrial DNA depletion syndrome, decreased respiration activities of skinned fibers but no redistribution of flux control was observed. We conclude, therefore, that application of inhibitor titrations and the quantitative description of the titration curve can be a valuable approach to elucidate functional defects of mitochondrial oxidative phosphorylation.
Introduction
A rather larger number of human diseases has been identified which are caused by a defective mitochondrial oxidative phosphorylation [1] [2] [3] . These defects chondrial respiration are also reported [3] [4] [5] . However, due to the problems of the exact determination of activities of the individual complexes of respiratory chain in human muscle homogenates and due to the possible adaptational changes in muscle energy metabolism in response to these defects, the exact detection of the impairment in mitochondrial function is often rather problematic. This seems to be an explanation for reported discrepancies between detected mitochondrial DNA mutations and almost normal activities of mtDNA-encoded enzymes in muscle homogenates from patients with chronic progressive external ophthalmoplegia [6] .
Metabolic control analysis [7, 8] has been suggested to be useful for the description of enzymatic abnormalities in syndromes associated with mitochondrial dysfunction [9, 10] . This theory describes quantitatively the metabolic effect of a small change in an enzyme concentration. In diseases affecting oxidative phosphorylation such a small change occurs, whereas rather large fluctuations of enzyme activities, reported in defects of other metabolic pathways [11] , are for obvious reasons lethal. Applying metabolic control analysis, we recently reported elevated flux control coefficients of cytochrome c oxidase in Mo br mice, an animal model of the Menkes' syndrome with established cytochrome c oxidase deficiency in cardiac and skeletal muscles [12] . Continuing this study, we used metabolic control theory to elucidate the consequences of impairment of mitochondrial function in patients with mitochondrial diseases. We performed incremental inhibition of the mitochondrial respiration with the specific inhibitors of NADH:ubiquinone reductase (complex I), cytochome c oxidase (complex IV) and H+-ATPase (complex V)-rotenone, azide and oligomycin, respectively. Due to the limited amount of tissue and to avoid possible artifacts of the preparation, we used saponin-skinned muscle fibers which allowed us to investigate mitochondrial function in situ, without isolation of mitochondria [4] .
Methods

Patients
M.T. is a 34-year-old woman with ptosis and myopathy. K.G. is a 32-year-old woman with ptosis and severe myopathy. T.W. is a 31-year-old man with mild myopathy and severe ptosis. The three patients fulfill the clinical criteria of chronic progressive external ophthalmoplegia. In the muscle biopsy of M.T., K.G. and T.W. fibers with a very strong and spot-like stain for succinate dehydrogenase were found. In the three cases, deletions of the mitochondrial DNA in skeletal muscle were detected. M.T. harbored in 53% of muscle mtDNA a 2.3 kb deletion located between the Hin dIII site at np 11680 and the XhoI site at np 14956. K.G. harbored in 84% of muscle mtDNA a 4.6 kb deletion including the Hin dIII site at np 11 680 and the Bam HI site at np 14258. T.W. harbored in 65% of the muscle DNA the so-called 'common deletion' (5.0 kb, between np 8468 and np 13446). N.N. was at the biopsy a 32-ruth-old floppy female infant with a severe encephalomyopathy and epileptic strokes and died at the age of 35 month. In the muscle biopsy 'ragged red fibers' were detected. The presence of deletions and the 3243 MELAS point mutation was excluded. The densitometric analysis of the southern blots hybridized with probes for mtDNA and the nuclear 18S rDNA (cf. next part) revealed a decreased mtDNA/nuclear DNA ratio (24% of orthopedic controls) being indicative for the mtDNA depletion syndrome [13] . D.S. is a 15-year-old boy with exercise intolerance and mild myopathy. The presence of deletions and the 3243 MELAS point mutation in the muscle biopsy was excluded. Elevated blood lactate levels (above 4 raM) --indicative for a diminished lactate utilization --were detected in all cases either at rest or during the recovery phase after defined bicycle ergometry (75 W).
Southern blots
1 /xg of Pvu II digested total DNA from muscle biopsy samples was separated on 0.7% agarose gels. Southern blots were hybridized with probes recognizing linearized mtDNA as a 16.6 kb band and the human 18S-rRNA gene as a 12 kb band. Human mtDNA and a cloned fragment of the 18S-rRNA gene were digoxigenin labeled in two separate Klenow-reactions and mixed in a ratio revealing for control samples comparable intensities of both bands in densitometrical scans of X-ray films following CSPD-chemiluminescence. Dilution series revealed 
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that the signal-ratio was constant for DNA amounts of 0.2-2 /xg per lane.
Isolation of saponin-skinned muscle fibers
Bundles of fibers from musculus vastus lateralis were obtained from biopsy samples of myopathy patients and orthopedic patients (controls), dissected and treated with saponin essentially as described in [4] .
lated by nonlinear regression analysis of the rotenone and oligomycin titration curves, accounting for the dissociation equilibrium of these inhibitors as described in [15] [16] [17] using the BMDP statistical software package. The flux control coefficient of the cytochrome c oxidase was determined from the initial slopes of the titration curves of respiration with azide estimated by linear regression of the first titration points, using as Kd-Value for azide, 64 /xM [12, 18] .
Respiration measurements 2.7. Statistical analysis
The respiration measurements were performed at 25°C using a high resolution Oroboros-oxygraph (Anton Paar, Graz) in a medium consisting of 110 mM mannitol, 60 mM KC1, 10 mM KH2PO 4, 5 mM MgC12, 0.5 mM Na2EDTA, 10 mM glutamate, 5 mM malate and 60 mM Tris-HC1 (pH = 7.4).
Enzyme activities in the homogenate of skeletal muscle
The measurements were performed at 30°C using a Cary 1 spectrophotometer by standard methods in the medium for oxygraphic measurements [5, 14] .
Determination of flux control coefficients
The flux control coefficients of the NADH:CoQ oxidoreductase and of the H+-ATPase were calcuThe results are presented as mean + S.D. Significant changes were assessed by Student's t-test. A value of P < 0.05 was accepted as the level of significance.
Results
In Table 1 the enzyme patterns of musculus vastus lateralis homogenates from three patients with chronic progressive external ophthalmoplegia (CPEO), one patient with mitochondrial DNA depletion syndrome (mtDNA D), one patient with a mitochondrial myopathy (MM) and from orthopedic patients (controls) are shown. In comparison to the orthopedic controls we observed elevated citrate synthase activities, pointing to an adaptational increase of mitochondria content [1, 20] . Taking this into account, in the skeletal mus- Table 2 Maximal mitochondrial respiratory activities of saponin-skinned muscle fibers nmol 02/min/mg dry weight succ + rot oc + mal pyr + mal glu + real The rates of respiration were determined using the substrates 10 mM succinate + 10/xM rotenone (succ + rot), 1 mM octanoylcamitine + 5 mM malate (oc + mal), 10 mM pyruvate + 5 mM malate (pyr + real) or 10 mM glutamate + 5 mM malate (glu + mad in the presence of 1 mM ADP as described in Section 2. N, number of orthopedic patients, n, number of independent determinations; NS, not significant. [azide], ,u,M In order to elucidate possible reasons for this discrepancy we measured the maximal rates of mitochondrial oxygen consumption using saponin-skinned muscle fibers from the same biopsies. These rates of ADP-stimulated mitochondrial respiration from the patients and the orthopedic controls are presented in Table 2 . It can be seen that for the patients K.G. and N.N. the oxidation rates of the fibers with almost all substrates were lower, while for the patients M.T., T.W. and D.S. no significant differences to the controis were found.
In order to quantify the possible metabolic effects of putative enzymatic deficiencies in these diseases, we titrated the maximal rates of respiration with specific inhibitors of mitochondrial oxidative phosphorylation. Typical titrations of the ADP-stimulated respiration of saponin-skinned muscle fibers with the noncompetitive inhibitor of cytochrome c oxidase azide are shown in the Fig. 1A and B. In Fig. 1A , the titration experiment was performed with skinned fibers of an orthopedic patient, and in Fig. 1 B with fibers of patient M.T. From the first derivative of the oxygen content (lower curves), which is the direct measure of the actual rate of respiration, it can be seen that initially identical additions of azide caused, in the case of the patient suffering from chronic progressive external ophthalmoplegia, a much more pronounced inhibition of respiratory flux. The detailed plots of velocities of respiration versus inhibitor concentrations for all patients are shown in Fig. 2 A and B. A typical titration curve of skinned fibers from an orthopedic control is shown in Fig. 2 A (open circles). Only for the skinned fibers from patient M.T. (filled squares) an increased sensitivity of mitochondrial respiration to azide was detected. This is visible from the elevated initial slope of the titration curve. As already mentioned, metabolic control analysis offers the possibility of a quantitative evaluation of flux control caused by an individual enzyme embedded within a metabolic pathway [7, 8] and has been suggested to be useful for the description of enzymatic abnormalities in syndromes related to mitochondrial dysfunction [9, 10] . For the quantitative description this theory introduced the flux control coefficient C i, which gives a quantitative measure of the change in flux through a pathway caused by a small change in the concentration of an enzyme. If the controlling influence of an enzymatic reaction on the flux is large the value of the flux control coefficient is high approaching a maximal value of one (for simple unbranched pathways) [7, 8] . Therefore, this parameter seems to be extremely useful for the quantification of changes in metabolism caused by enzymatic defects. Using specific noncompetitive inhibitors, the flux control coefficient can be determined experimentally [15] [16] [17] according to the following equation:
where J is the flux through the pathway, v i is the activity of enzyme i and p~ is a specific inhibitor of enzyme i. From this the following equations can been derived: Table 3 Flux control coefficients of mitochondrial enzymes in saponin-skinned muscle fibers of orthopedic patients and patients with chronic progressive external ophthalmoplegia The values were determined from titration experiments with rotenone, azide and oligomycin, respectively, at maximal rates of respiration using the substrates l0 mM glutamate + 5 mM malate or * additionally l0 mM succinate in the presence of 1 mM ADP as described in Section 2. N, number of orthopedic patients; n, number of independent determinations; NS, not significant.
Applying this theory to the azide titrations of respiration of saponin-skinned fibers from patient M.T. shown in Fig. 2A , the calculation of the flux control coefficient of cytochrome c oxidase according to Eq. (3) yielded a value of 0.44_ 0.06 (two titrations), while an average value of 0.21 + 0.05 was determined for the control fibers of 14 orthopedic patients. For all other mitochondrial myopathy patients similar low flux control coefficients of cytochrome c oxidase were found (cf. Table 3 ).
In the next series of experiments we titrated the maximal glutamate oxidation rate of saponin-skinned fibers with rotenone --a specific inhibitor of NADH:CoQ oxidoreductase. In Fig. 3A and B representative titration curves of control fibers (Fig. 3A , open circles) and of fibers from the mitochondrial myopathy patients are shown. For this irreversible inhibitor we observed a strong sigmoidal titration curve for control fibers. This is typical for inhibitors with nearly irreversible binding properties acting on enzymes with low flux control coefficients. Using a curve fitting program, allowing to perform a nonlinear regression analysis of the titration curves according to Eq. (2) Moreover, the amount of rotenone needed for the complete inhibition of respiration with approximately the same amount of skinned fibers was lower for the patients compared to the controls. Taking into account that the fibers of the patients contain more mitochondria per mg dry weight, this finding is an strong indication for a decreased number of rotenone binding sites per mitochondrial protein.
To determine the flux control coefficients of H +-ATPase we titrated the respiration rate of saponinskinned fibers with the specific inhibitor oligomycin. [rotenone], nM Typical titration curves of control fibers (open circles) and of fibers from patients are shown in Fig. 4 . Similar to the rotenone titrations we observed sigmoidal titration curves which yielded after the application of the regression analysis flux control coefficients ranging from 0.1 to 0.2. In the case of fibers from the patient with the mtDNA depletion syndrome (filled triangles) we observed additionally a smaller sensitivity to oligomycin indicating less coupled mitochondria.
In Table 3 the results of determinations of flux control coefficients of three complexes of oxidative phosphorylation for all five patients are summarized. Eoligomycin],/zM For the patients harboring deletions of the mtDNA in skeletal muscle and the mitochondrial myopathy patient D.S. elevated flux control coefficients of certain respiratory chain complexes were observed. However, it is remarkable that for the patient with the mtDNA depletion syndrome (N.N.) no change in the distribution pattern of flux control coefficients was detected.
Discussion
In the present study, we used saponin-skinned fibers for the investigation of mitochondrial function in muscle biopsy samples of patients with mitochondrial myopathies. This technique has been found to be very successful for the functional analysis of oxidative phosphorylation in small human biopsy specimens due to the obviation of mitochondrial isolation and minimization of the amount of tissue needed for this assessment [4] . Applying titrations with the specific inhibitors of cytochrome c oxidase (azide), of NADH:CoQ oxidoreductase (rotenone) and of H+-ATPase (oligomycin), we observed changes in the action of inhibitors of mitochondrial oxidative phosphorylation in saponin-skinned skeletal muscle fibers of certain patients with mitochondrial myopathies. These changes point to an increased sensitivity of the mitochondrial respiratory chain to the applied inhibitors and could be interpreted as a consequence of a decrease in inhibitor binding sites due to lower levels of the affected enzymes. This finding is in line with recent reports showing diminished levels of assembled oxidative phosphorylation complexes in mitochondrial encephalomyopathies with impaired mitochondrial protein biosynthesis [6, 19] leading to a partial inhibition of respiratory chain [20] .
In case of patients harboring deletions of the mtDNA in skeletal muscle, the metabolic effect of the individual mutation is difficult to predict [6] . As shown in the present work, the simple determination of activities of the individual respiratory chain complexes and of the maximal rates of mitochondrial respiration revealed for the patients M.T. and T.W. almost no statistical significant differences as compared to the controls (Table 1) . However, the flux control coefficient of cytochrome c oxidase for patient M.T. was found to be higher by the factor of two then in controls. On the other hand, for patient T.W. the flux control coefficient of NADH:CoQ oxidoreductase was considerably increased (Table 3) . Thus, our data suggest that the redistribution of the control of mitochondrial oxidative phosphorylation might be an important mechanism relating the genotype (mtDNA deletion) to the diseased energy conversion processes, leading to the increased lactate levels observed for these patients (see Section 2). This flux control redistribution, which is caused in the described cases most probably by small non-proportional changes in enzyme activities (cf. citrate synthase normalized activities in Table 1 ), could therefore be one of the determinants of the global energy metabolism defect in the affected tissue, Moreover, due to the fact that the flux control coefficients of all --at least partially mtDNA encoded --complexes of the mitochondrial inner membrane are rather low in skeletal muscle [ 17] , metabolic control analysis offers a plausible explanation for the observed threshold effects in mitochondrial diseases [10, 21] . As we demonstrated for the patients with rather mild forms of mitochondrial myopathies (M.T., T.W., D.S.), slightly changed activities of enzymes of the respiratory chain should not necessarily affect the maximal mitochondrial oxidative activity of saponin-skinned muscle fibers, similar as we reported previously for skinned muscle fibers of copper-deficient Mo br mice [12] . In these cases only a redistribution of flux control was observed. Alternately, in saponin-skinned muscle fibers of the patient with a severe form of CPEO -K.G., with 84% deleted mtDNA in muscle, in addition to the redistribution of flux control, a lower maximal mitochondrial oxidation activity and a large decrease of all specific respiratory chain-linked activities (if expressed per citrate synthase) was detected. The application of metabolic control analysis revealed for this patient the NADH:CoQ oxidoreductase as the enzyme being the mostly responsible for the decreased mitochondrial energy conversion capacity. Interestingly, in the case of N.N. (mitochondrial DNA depletion syndrome), where all mitochondrial encoded proteins are simultaneously affected, the maximal oxidation rates of fibers were decreased but no redistribution of flux control was observed (cf. Tables 2 and 3) .
Summarizing, the application of titrations with specific inhibitors within the framework of metabolic control analysis can be a helpful approach in analyzing the metabolic consequences of complex defects of mitochondrial oxidative phosphorylation. Moreover, due to the broad spectrum of available specific inhibitors of mitochondrial oxidative metabolism and due to the high sensitivity to small non-proportional changes in enzyme activities, it is suggested that this method is especially applicable for the elucidation and localization of enzymatic defects which are difficult to visualize by conventional activity measuremeats.
